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compromises p-cell identity and results 
in diabetes mellitus 
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Precise functioning of the pancreatic p cell is paramount to whole-body glucose homeostasis, and P-cell 
dysfunction contributes significantly to diabetes mellitus. Using transgenic mouse models, we demonstrate that 
deletion of the von Hippel-Lindau [Vhlti) gene (encoding an E3 ubiquitin ligase implicated in, among other 
functions, oxygen sensing in pancreatic p cells) is deleterious to canonical P-cell gene expression. This triggers 
erroneous expression of factors normally active in progenitor cells, including effectors of the Notch, Wnt, and 
Hedgehog signaling cascades. Significantly, an up-regulation of the transcription factor Sox9, normally excluded 
from functional p cells, occurs upon deletion of Vhlh. Sox9 plays important roles during pancreas development 
but does not have a described role in the adult p cell. p-Cell-specific ectopic expression of Sox9 results in diabetes 
mellitus from similar perturbations in p-cell identity. These findings reveal that assaults on the p cell that impact 
the differentiation state of the cell have clear implications toward our understanding of diabetes mellitus. 
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The pancreatic (3 cell secretes insulin in response to 
elevated blood glucose levels. Insulin then serves as a 
signal to other tissues in the body to use glucose as a 
source of energy and clear it from the blood, and persis- 
tently high blood sugar levels are detrimental to organ 
health. Diabetes mellitus, an ever-growing disease, re- 
sults from sustained elevated levels of glucose in the 
blood. Either as a result of an autoimmune assault or in 
combination with peripheral insulin resistance, it is now 
clear that defects in p-cell function are an integral part of 
diabetes mellitus (Kami 2003; Prentki and Nolan 2006). 

The concept of altered p-cell fate, or dedifferentiation, 
as a cause of diabetes mellitus is gaining prominence. 
P-Cell dedifferentiation is a known consequence of glu- 
co toxicity (Jonas et al. 1999) and in mouse models is 
thought to occur secondary to insulin resistance, when 
the body fails to sufficiently compensate for the increased 
insulin demand. In a transgenic mouse model that ectop- 
ically activates the Hedgehog (Hh) signaling pathway in 
the p cell, cells appear to dedifferentiate, leading to 
glucose intolerance (Landsman et al. 2011). Depletion of 
a key transcription factor, Foxol, in p cells also appears to 
impact p-cell fate upon exposure to an additional stress 
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such as pregnancy or age, leading to diabetic phenotypes 
due to reduced insulin in the p cells (Talchai et al. 2012). 
These studies suggest the possibility that specific types 
of genetic or environmental stresses might perturb the 
identity of the p cell sufficiently to cause loss of insulin 
expression but not cell death. It is thus tempting to 
speculate that at least some forms of diabetes mellitus 
may result from such a loss of p-cell identity. 

All metazoan cells require oxygen to survive, and the p 
cell is no exception. Thus, cells have in place a tightly 
regulated signaling pathway to adapt to hypoxia (reduced 
oxygen in the cellular environment) to allow the cells to 
survive until oxygen tension is restored to physiological 
levels. Interestingly, hypoxia is increasingly implicated as 
a contributor in the etiology of diabetes mellitus (Dotsch 
et al. 2006). Cellular response to hypoxia is regulated by 
the von Hippel-Lindau/hypoxia-inducible factor (VHL/ 
HIF) axis (Kaelin 2008; Semenza 2013). Normoxia causes 
degradation of the HIF transcription complex via the 
proteasome in a VHL-dependent manner (Maxwell et al. 
1999; Ivan et al. 2001; Kaelin 2005). Decreased oxygen 
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causes stabilization of HIF-a, which dimerizes with HIF-p 
(aryl hydrocarbon receptor nuclear translocator [ARNT]) 
to activate numerous hypoxia-inducible genes, including 
vascular endothelial growth factor [Vegf), glucose trans- 
porter 1 [Glut-1], and erythropoietin (Epo). Deletion of 
murine Vhlh in pancreatic p cells perturbs glucose 
homeostasis, in which a switch from oxidative phosphor- 
ylation to glycolytic metabolism is manifested as severe 
glucose intolerance in young adult mice (Zehetner et al. 
2008; Cantley et al. 2009; Puri et al. 2009). Further 
involvement of the hypoxia pathway in p-cell dysfunc- 
tion is illustrated by abnormal expression of VHL/HIF 
components in prediabetic Zucker diabetic fatty (ZDF) 
rats and diabetic Goto-Kakizaki (GK) rats (Li et al. 2006; 
Lacraz et al. 2009; Puri et al. 2013). Down-regulation of 
the HIF pathway also appears to be detrimental to p-cell 
function (Cheng et al. 2010). Decreased Hif 1 (3/ ARNT was 
reported in islets obtained from type 2 diabetes (T2D) 
patients (Gunton et al. 2005). Furthermore, mice with 
P -cell-specific deletion of ARNT display abnormal glu- 
cose tolerance. Altogether, these observations clearly 
indicate a requirement for strict regulation of VHL/HIF 
signaling for normal (B-cell function. We report that Vhlh 
deletion in pancreatic p cells adversely affects cellular 
identity, with the consequential inability of p cells to 
maintain systemic glucose homeostasis resulting in di- 
abetes mellitus in aged animals. p Cells in diabetic Vhlh- 
deficient mice not only suppress expression of key p-cell 
markers but also express factors normally active in 
embryonic precursor cells. In fact, ectopic activation of 
one such factor, Sox9, in the p cell is sufficient to modify 
cellular identity. Sox9 has been shown to play an in- 
strumental role during pancreas organogenesis and marks 
the multipotent progenitor population of cells that give 
rise to the pancreatic organ (Seymour et al. 2007). However, 
it is unclear what the role of this transcription factor is in 
the adult p cell. Our data provide support for the notion that 
perturbed p-cell identity contributes to disease and impli- 
cate novel roles for Vhlh and Sox9 in the adult p cell. 

Results 

Deletion of Vhlh in pancreatic f3 cells results 

in diabetes mellitus due to reduced insulin in islets 

Previous research has established a role for Vhlh in the 
insulin secretory response of pancreatic p cells in young 
adult mice (Zehetner et al. 2008; Cantley et al. 2009; Puri 
et al. 2009). Significantly, glucose homeostasis in older 
transgenic mice with a p -cell-specific deletion of Vhlh 
deteriorated with age. A temporal analysis of fed and 
fasted blood glucose in Ins-Cre^hlhT^ (mice expressing 
Cre recombinase in p cells during embryogenesis) and 
control littermates revealed an exacerbation of the glu- 
cose intolerance in transgenic animals that was evident at 
2-4 mo of age (Fig. 1 A). With elevated blood glucose at 20 
wk during the fed state that progressively increased to 
overt hyperglycemia, the Ins-Cre^hlhT^ model is rem- 
iniscent of the progression of T2D in patients. Fasted 
blood glucose levels were higher in Ins-Cre-yhlhT 1- 



animals after 32 wk, further illustrating that early epi- 
sodes of hyperglycemia preceded full-blown disease 
(Fig. 1A). In two distinct transgenic mouse models, Ins- 
Cre-yhlhr 1 - and Vdx-l-Cre ER ; Vhlh-'- (for deletion in the 
adult p cells upon administration of tamoxifen at 8 wk of 
age), p-cell- Vhlh _/ ~ mice older than 8 mo had signifi- 
cantly elevated blood glucose under fed and fasted con- 
ditions, indicative of frank diabetes mellitus (Supplemen- 
tal Fig. SI A). As expected, hyperglycemic Ins-Cre-yhlhT 1- 
mice failed to respond to a glucose challenge, were 
consistently leaner than control littermates, and dis- 
played insulin sensitivity comparable with control mice 
(Supplemental Fig. S1B-D). The absence of a compensa- 
tory response to the hyperglycemia was evidenced by 
diminished plasma insulin in Cre;Vhlh~^~ animals (Sup- 
plemental Fig. S1E). Collectively, these data demonstrate 
that Vhlh deficiency in p cells results in diabetes mellitus 
due to reduced insulin. 

Examination of pancreatic islets from diabetic animals 
revealed a striking reduction in insulin immunoreac- 
tivity (Fig. 1B,C). Glucagon and somatostatin, although 
expressed, exhibited a disrupted organization distinct 
from the classic murine islet structure with a p-cell core 
surrounded by a mantle of other hormone-producing cells 
(Fig. 1B,C). Immunocytochemistry on tissue from di- 
abetic animals further highlighted the stark reduction of 
mature p-cell markers Pdx-1 (Fig. ID), MafA (Fig. IE), 
Glut-2 (Supplemental Fig. S2A), and Nkx6.1 (Supplemen- 
tal Fig. S2B) in Ins-Cre^hlhT 1 ' islets. Dramatic reduction 
in the expression of canonical p-cell genes prompted 
quantification of p-cell mass in animals between 10 mo 
and 1 yr of age with overt hyperglycemia. p-Cell mass and 
area were significantly reduced in the Ins-Cre-yhlhT 1- 
samples (Fig. IF). On closer examination, islets in diabetic 
animals had not only lower insulin reactivity as described 
above (Fig. 1G) but also increased numbers of insulin- 
negative cells (Fig. 1G, inset). Thus, it is possible that the 
true values for p-cell mass and area in the Ins-Cre^hlh"^ 
samples are substantially lower than our measurements 
indicate due to the quantification procedure, in which 
cells embedded within the islet that lacked insulin stain- 
ing were included in calculation of the total islet area. The 
persistence of " empty, " insulin-negative cells and the 
broad disruption of gene expression observed in Ins- 
Cre-yhlhT^ mice consequently suggests a loss of p-cell 
identity and not mass as the underlying cause of insulin 
insufficiency. The loss of mature markers in the p-cell 
lineage may signal the onset of cell death that would 
provide an explanation for the development of diabetes 
mellitus. Immuno staining for cleaved caspase-3, how- 
ever, demonstrated no significant difference between Ins- 
Cre-yhlhT 1 ' and control tissue (Supplemental Fig. S2C), 
indicating that loss of insulin content is not due to 
sustained cell death in the diabetic islets. 

Loss of p-cell identity in Vhlh~ /_ cells is concomitant 
with an activated progenitor program 

The depletion of p-cell markers in tissue from diabetic 
animals in the absence of cell death suggests that p cells 



2564 GENES & DEVELOPMENT 



Dedifferentiation of 0 cells 




control 



05 



! 



. . ■ . • . . . • • . 



control 



lns-Cre;Vhlh-/- 




lns-Cre;Vhlh-/- 




25« 
I 20- 
8 15- 

CO 

I 10. 
0- 



CD 

CO j= 
(D CO 

11 
?! 

c2 — 

I 



2- 



e o- 



o N ,V 



Figure 1. Vhlh loss in (3 cells leads to diabetes mellitus due to insufficient insulin. [A] Temporal analysis of fed and fasted blood 
glucose levels in control and Ins-Cie;Vhlh~ , ~ animals. (B,C) Insulin immunoreactivity appears reduced in islets of lns-Cre;VhlhT^ 
mice as compared with control mice (green), while glucagon [B, red) and somatostatin (C, red) appear to maintain normal expression in 
both groups. The level of mature (3-cell markers Pdx-1 [D] and MafA [E] was lower in Ins-Cie;Vh]h~ / ~ islets, while robust expression 
was observed in control islets. (F) p-Cell mass and area in control (open bars; n = 5) and Ins-CretVhlh - ^ (black bars; n = 6) tissue at >10 
mo. (*) P < 0.05. (G) Insulin immunostaining reveals nonstaining cells in lns-Cie;VhlhT'~ tissue. The inset shows a higher- 
magnification image, with cells showing weak immunoreactivity to insulin. Bars, 20 |xm (unless noted otherwise). 



are dedifferentiating into non-p cells. T2D is a progressive 
disease, with early episodes of unstable glycemic control 
that culminates into full-blown sustained hyperglycemia. 
If the loss of p-cell identity in the Vhlh~^~ transgenic 
mouse model mimics the human condition, then a grad- 
ual loss of cellular function is expected. To determine 
whether this is indeed true, a temporal analysis of gene 
expression in isolated islets was conducted. A progressive 
reduction of p-cell-specific gene expression, including 
Insl, Ins2, Pdx-1, MafA, Glut-2, and Nkx6.1, was detected, 
with several genes significantly reduced as early as 28 wk 
(Fig. 2A). Validating previously published data from 8- to 



16-wk-old mice, significant up-regulation of HIFla and the 
HIF target genes Glut-1, glyceradehyde phosphate dehy- 
drogenase (Gapdh), lactate dehydrogenase A (Ldha), and 
monocarboxylate transporter 4 (Mct4) was detected in 
islets from aged diabetic animals (Supplemental Fig. 
S3A,B). Interestingly, MafB, a transcription factor ex- 
pressed in p-cell progenitors but excluded from mature 
insulin-producing cells, had increased expression over 
time (Supplemental Fig. S3C). 

To assess gene dysregulation in the diabetic animals, 
differential gene expression arrays were quantified using 
RNA isolated from islets of diabetic and nondiabetic age- 
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Figure 2. Vhlh loss in p cells results in dedifferentiation and activation of progenitor genes. (A) Quantitative PCR analysis of isolated 
islets confirmed reduced expression of (3-cell markers in the Ins-Cre^Vhlh'^ (black bars; n = 2-6) compared with control (open bars; n = 
2-7) animals. (*) P < 0.05; (**) P < 0.005. [B] Affymetrix gene array reveals up-regulation of Sox9 in islets isolated from Ins-Cre;Vhlh~ ' /_ 
animals as compared with controls [n = 3 for each group). (C) Progenitor marker Sox9 is up-regulated over time in diabetic Ins- 
Cie;Vhlh~^~ islets (black bars, n = 3) as compared with controls (open bars, n = 3) as determined by quantitative PCR. (*)P< 0.05; (* *) P < 
0.005; (***) p < 10" 4 . (D) Immunofluorescence analysis of cells coexpressing Sox9 (green) and insulin (red) in Ins-Cie-yhlhT^ islets 
clearly shows down-regulation of insulin in cells with nuclear accumulation of Sox9 (arrowheads). Control samples had no Sox9 staining, 
and insulin expression was unperturbed. [E] Colocalization of Pdx-1 (green) and Sox9 (red) indicates that in islets from Ins-Cie-,VhIhr'~ 
animals, Sox9-positive cells [inset) have reduced intensity of Pdx-1 staining as compared with neighboring cells that do not express Sox9 
[inset). [F) Hnf6 is progressively up-regulated in transgenic islets (black bars; n = 3) as compared with control samples (open bars; n = 3) as 
determined by quantitative PCR. (*) P < 0.05; (**) P < 0.005. 



matched animals. Not surprisingly, the gene ontology 
(GO) analysis showed the most significant changes in 
metabolic enzymes that are targets of the hypoxia re- 
sponse pathway (Supplemental Tables SI, S3). Surpris- 
ingly, included in the next group of genes to be signifi- 
cantly dysregulated was the pancreatic progenitor marker 
Sox9 (Fig. 2B). Sox9 is expressed during embryonic 
pancreas formation but is restricted to ducts in the adult 
organ, with no detectable staining in islets (Lynn et al. 



2007; Seymour et al. 2007). Quantitative PCR and immu- 
nostaining analyses validated the array results. A tempo- 
ral increase in Sox9 expression was quantified in islets 
isolated from Ins-Cre;Vhlh~ ' /_ animals, with significantly 
increased expression as early as 8 wk of age (Fig. 2C). 
Immunostaining confirmed marked Sox9 up-regulation 
in pancreatic islets (Fig. 2D). Furthermore, costaining 
analysis revealed that cells with nuclear accumulation 
of Sox9 displayed a dramatic reduction in insulin (Fig. 2D, 
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arrowheads,- Supplemental Fig. S4A). Sox9 -positive cells 
also had detectable yet reduced Pdx-1 staining (Fig. 2E). 
As expected, nuclear Sox9 was absent from control islets 
(Lynn et al. 2007; Seymour et al. 2007). In addition to 
costaining with Pdx-1, Sox9 -positive cells also stained 
with E-cadherin, ruling out a mesenchymal nature of 
these cells (Supplemental Fig. S4A). In cell culture, Sox9 
binds to a conserved upstream sequence of the Hnf6 gene 
to activate expression (Lynn et al. 2007), and a similar 
temporal trend of increased expression was observed in 
Hnf6 in islets isolated at distinct stages (Fig. 2F). Sox9 and 
Hnf6 are expressed in the multipotent progenitor cells of 
the expanding pancreatic epithelium during embryogen- 
esis (between embryonic day 9 [E9] and E9.5) but become 
progressively restricted to the ductal compartment, with 
exclusion from adult islets (Rausa et al. 1997; Seymour 
et al. 2007). Sox9 expression (regulated by a gradient of 
Notch signaling) in bipotential duct/endocrine progenitor 
cells appears to be required for the specification of the 
endocrine lineage through an Ng;n3-dependent step (Shih 
et al. 2012). Detectable expression of Sox9 and Hnf6 in 
islets of glucose-intolerant, but not yet diabetic, Ins- 
Cm-yhlhT^ mice at 8 and 16 wk of age suggests that 
ectopic expression of Sox9 is initiated well before hyper- 
glycemia onset. To further rule out a contribution from 
nonendocrine/ductal cells that may have migrated into 



the islet, pancreata from diabetic animals were stained 
with anti-synaptophysin (Supplemental Fig. S4B). Cells 
with Sox9 staining were positive for synaptophysin and 
showed reduced insulin staining, strengthening our con- 
clusion that these cells are (3 -cell-derived. Interestingly, 
no change was detected in Ngn3 expression, a marker for 
embryonic endocrine progenitors (data not shown). Col- 
lectively, our results show aberrant activation of specific 
embryonic progenitor markers in p cells of diabetic Ins- 
Cm-yhlhT 1 ' mice. 

Activation of embryonic genes within the islets of 
diabetic animals led us to examine whether an "embry- 
onic program" exists in these islets. During embryogen- 
esis, endocrine identity is regulated by concerted modu- 
lation of signaling pathways, including the Notch, Wnt, 
and Hh cascades (Puri and Hebrok 2010), and erroneous 
activation of these pathways impacts endocrine fate. In 
the adult pancreas, active Notch signaling is believed to 
be restricted to centro-acinar cells, although it has been 
postulated to be a mediator of (3 -cell dedifferentiation 
(Darville and Eizirik 2006). By quantitative PCR, Notch 
pathway components including Hesl, Heyl, Hey2, and 
HeyL were increased in Ins-Cie-.VhlhT^ islets, suggesting 
activation of the pathway (Fig. 3A ; Supplemental Fig. 
S5A). Transcript up-regulation of canonical target genes 
Patched (Ptc) and GUI (Fig. 3A ; Supplemental Fig. S5A) 




C control lns-Cre;Vhlh-/- 




Figure 3. Embryonic signaling pathways are activated in Vhlh~^~ islets. (A) Components of the Notch, Hh, and Wnt pathways are 
dysregulated in diabetic Ins-Cre^hlh'^ islets (black bars; n = 3) when compared with controls (open bars; n = 3). (*) P < 0.05; (**) P < 
0.005. (B) Perturbed (3-catenin staining in transgenic islets correlates with nuclear Sox9 accumulation. (C) Costaining for Sox9 (green) 
and somatostatin (red) reveals double-positive cells in Ins-Cm^VhlhT 1- islets that are absent in the control tissue. Bars, 20 |jim (unless 
noted otherwise). 
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revealed dysregulated Hh signaling in islets from Ins- 
Cie-VHhr^ mice. Similarly, target genes of Wnt/p-catenin 
signaling, including Axin2, were up-regulated in Ins- 
Cie;Vhlh.~^~ islets (Fig. 3A). Perturbed immuno staining 
for (B-catenin was observed in the Vhlh~^~ tissue, the 
signal transducing protein in the canonical Wnt pathway 
(Fig. 3B). Control tissue displayed strong membranous 
P-catenin staining, while p cells in VhlhT 1 ' tissue ex- 
hibited dispersed cytoplasmic staining commonly asso- 
ciated with activation of the pathway (Fig. 3B ; Morris 
et al. 2010). These data demonstrate erroneous activation 
of multiple developmental signaling pathways in the 
Vhlhr 1 ^ p cells that are normally strictly regulated. 

Recent literature hints toward the pliability of pancre- 
atic endocrine cells to change fate into other hormone- 
expressing cell types (Collombat et al. 2009; Thorel et al. 
2010; Yang et al. 2011). Thus, it was appropriate to ask 
whether p cells undergoing dedifferentiation were ex- 
pressing other hormones. Sox9 was used as a marker for 
dedifferentiated p cells in VhlhT^ tissues. No Sox9- 
glucagon or Sox9-PP double-positive cells were detected; 
however, we clearly observed somatostatin in a subset of 
Sox9-staining islet cells (Fig. 3C). Notably, Sox9-somato- 
statin-copositive cells were not observed in the control 
tissues. Costaining analysis demonstrated that Sox9- 
somatostatin-copositive cells were negative for insulin 
or glucagon (Supplemental Fig. S5B ; data not shown). The 
mutually exclusive staining pattern of insulin and so- 
matostatin further suggests that p-cell genes need to 
be suppressed in order for 8-cell marker expression to 
emerge. Although lineage-tracing analyses need to be 
conducted to conclusively prove the origin of these cells, 
current data support the hypothesis that sustained hyp- 
oxic stimulus converts p cells into a Sox9-expressing cell 
that can express somatostatin. 

Acute hypoxia causes down-regulation of fi-cell- 
specific genes in /3-cell lines and isolated islets 

To eliminate potential secondary influences present in 
whole animals, the effects of hypoxia were evaluated in 
rat and mouse insulinoma cell lines Ins-1 (832/13) and 
MIN6, respectively. Incubation in 2% oxygen for 24 h 
induced a robust hypoxic response, as evidenced by 
activation of canonical HIF target genes, including genes 
comprising the glycolytic pathway (Fig. 4A,B). Mimick- 
ing the in vivo situation, p-cell genes Ins-1 and Pdx-1 
were significantly reduced in Ins-1 cells (Fig. 4C; Supple- 
mental Fig. S6). Similarly, Ins-1, Pdx-1, Mafa, and Neuwdl 
were significantly diminished in MIN6 cells under hyp- 
oxia (Fig. 4D). In both cell lines, embryonic progenitor 
markers Sox9 and Hnf6 were up-regulated during hypoxia 
(Fig. 4C,D ; Supplemental Fig. S6). Nuclear accumulation 
of Sox9 was detectable by immunostaining in Ins-1 cells 
(Fig. 4E, arrowheads). 

Having determined the effect of hypoxia on p-cell lines, 
wild-type mouse islets were incubated under the same 
conditions. Importantly, a similar gene expression pat- 
tern was seen in islets at 2% oxygen. Up-regulation of 
Glutl, Ldha, and Vegfa and glycolytic enzymes Pdkl, 



Pgm2, and Gpi was accompanied by down-regulation of 
Insl, Pdx-1, Nkx6.1, MafA, Neurodl, and Glut-2 expres- 
sion (Fig. 4F,G). Although not statistically significant, 
Sox9 expression demonstrated a trend toward up-regula- 
tion (Fig. 4G). The difference in the significant up- 
regulation of Sox9 in vivo (Fig. 2C) and ex vivo is likely 
due to the cell-autonomous nature of the manipulation in 
the mouse model that is not as effectively mimicked 
during the acute hypoxic incubation. The Hnf6 message 
was not detected in either control or hypoxic samples. In 
summary, acute hypoxia in p-cell lines and mouse islets 
leads to reduced p-cell-specific gene expression, mimick- 
ing a dedifferentiated state of the mature p cell observed 
under Vhlh~^~ conditions in vivo. 

Our results clearly demonstrate that an acute exposure 
to hypoxia is sufficient to modulate gene expression in p 
cells. To investigate whether such a response to hypoxia 
occurs in humans, islets from nondiabetic individuals 
were cultured in 20% or 2% oxygen. Gene expression 
analysis subsequent to hypoxic incubation revealed up- 
regulation of GLUT1, LDHA, and ALDOA (Fig. 4H). 
Significantly, down-regulation of PDX1, MAFA, and 
NKX6-1 was also detected in the hypoxic human samples 
(Fig. 41), indicating that such gene dysregulation occurs 
across species. SOX9 expression was significantly in- 
creased in hypoxic islets, further supporting the murine 
in vivo and in vitro data. Although down-regulation of 
INS transcript was not detected (data not shown), these 
data strongly suggest that p-cell identity can be perturbed 
by hypoxia in human islets. A time-course analysis of 
gene expression using mouse islets revealed that key 
regulatory factors, including Pdx-1, Nkx6.1, MafA, 
Nkx2.2, and NeuroDl, were down-regulated prior to 
any changes in Insl or Ins2 transcript levels (Fig. 4J). 
Glut-2 also appeared down-regulated at these early time 
points of hypoxic exposure (Fig. 4J). MafB expression was 
unchanged by 16 h of hypoxia,- however, a clear increase 
in Sox9 could be detected over time that correlated with 
an increase in Ldha and Glut-1 (Fig. 4f ). Summarily, these 
data replicate the in vivo observations of a modified p-cell 
transcriptome upon exposure to hypoxia in mouse and 
human islets. 

Ectopic expression of Sox9 in f3 cells leads 
to diabetes mellitus 

The unexpected appearance of Sox9 upon Vhlh elimina- 
tion encouraged a direct test of the consequence of 
ectopic expression of Sox9 in p cells. Ins-Cre animals 
were mated with CAG-Sox9/HA mice that express a hem- 
agglutinin-tagged Sox9 protein upon Cre recombination 
(Kim et al. 2011) in p cells. Between 6 and 10 mo of age, 
InsCre;Sox9 mice were overtly hyperglycemic under 
randomly fed conditions, with no evidence of obesity, 
similar to what was seen in the VMi-depleted animals. 
(Fig. 5A). Histological analysis confirmed robust accumu- 
lation of the HA tag in islets, a marker for the Sox9/HA 
fusion protein (Fig. 5B). Our analyses of the Ins-Cre;Vhlh 
mice prompted us to further evaluate the differentiation 
state of the p cells in the Sox9-overexpressing mice. 
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Figure 4. Acute hypoxia perturbs expression of important (3-cell genes. (A,B) Quantitative analysis of gene expression after hypoxic 
exposure revealed significant changes in the hypoxia-regulated targets in Ins-1 and MIN6 cells. (*) P < 0.05; (**) P < 0.005; (***) p < 
0.0005. [C,D) The expression of several (3-cell genes and transcription factors Sox9 and Hnf6 was also perturbed in Ins-1 and MIN6 cells 
cultured under hypoxia. (*) P < 0.05; (**) P < 0.005; (***) P < 0.0005. (E) Ins-1 cells cultured in 20% or 2% oxygen and stained for the 
(3-cell marker Nkx6.1 (red) and Sox9 (green) showed nuclear accumulation of Sox9 (arrowheads). Bar, 20 |xm. (P,G) Wild-type mouse 
islets activated canonical HIF targets upon hypoxic incubation, with a significant down-regulation of (3-cell genes. (* *) P < 0.005; (* * * ) P < 
0.0005. (H) Expression analysis of hypoxia targets in human islets subjected to hypoxia. (*) P < 0.05; (* *) P < 0.005. (7) Evaluation of (3-cell 
genes, including the progenitor marker SOX9, in human islets cultured in 2% oxygen. (*) P < 0.05; (** *) P < 0.0005. (/) Temporal analysis 
of gene expression in mouse islets under hypoxia, n = 4 for control and hypoxia samples at 4 h and 8 h, n = 4 for control samples at 16 h, 
and n = 6 for hypoxia samples at 16 h. (*) P < 0.05; (**) P < 0.005. 
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Figure 5. Ectopic expression of Sox9 in (3 cells leads 
to perturbed function and cellular identity. [A) Blood 
glucose levels under fed conditions reveal hypergly- 
cemia in the Ins-Cre;Sox9 animals [n = 12) between 
6 and 10 mo of age as compared with control 
littermates (n = 11). There is a significant reduction 
in body weight of the Ins-Cre;Sox9 animals as 
compared with the control littermates [n = 10 for 
each group). (*) P < 0.05; (**) P < 0.005. [B] HA 
staining represents ectopic Sox9 expression in Cre- 
positive islets. Insulin staining is clearly perturbed 
in Ins-Cre;Sox9 islets. (C) Cells positive for HA and 
Sox9 expression show diminished insulin in Cre- 
positive islets. Bar, 20 |xm. (D) Pdx-1 and insulin 
staining is reduced in Ins-Cre;Sox9 islets and co- 
incides with HA staining. Bar, 20 |xm. (£) Quantita- 
tive PCR analysis on islets isolated from 6- to 10- 
mo-old Ins-Cre;Sox9 animals shows reduced expres- 
sion of canonical (3-cell genes. (*) P < 0.05; (**) P < 
0.005; (***) P < 0.0005. (F) Glut-2 staining in Ins- 
Cre;Sox9 islets reveals a redistribution of the protein 
from the typical cell surface staining seen in control 
islets. Bar, 100 |xm. 



Indeed, immunostaining analysis confirmed reduced ex- 
pression of insulin and Pdx-1 in the Sox9-overexpressing 
islets (Fig. 5B,D). Gene expression analysis from the 
InsCre;Sox9 islets demonstrated a down-regulation of 
(3 -cell-specific genes (Fig. 5E). Although the Glut-2 mes- 
sage did not appear to be significantly reduced in the 
compound transgenic samples, immunostaining revealed 
a clear perturbation of the membrane association of 
this transporter (Fig. 5F). As expected, the human Sox9 
message was undetectable in the control samples and was 
detected at a Ct value of 26 by quantitative PCR in the 
transgenic islets. The mouse endogenous Sox9 gene was 
not significantly changed (data not shown). Gene expres- 
sion analysis of the glycolytic enzymes and hypoxia- 
responsive genes that are up-regulated in the Vhlh-mill 
islets were unchanged in the Sox9 up-regulation model 
(Supplemental Fig. S7A). Previous in vitro work has 
placed Hnf6 gene expression downstream from Sox9, 
and thus we evaluated the gene expression of Hnf6 in 
islets from InsCre;Sox9 animals. Although an increase 
was observed in the compound transgenic samples, this 
change was not statistically significant (Supplemental 
Fig. S7B). Thus, it remains unclear whether Sox9 is acting 
partly through Hnf6 in these animals. Interestingly, Sox9- 
overexpressing mice did not present with somatostatin/ 
Sox9 double-positive cells by 10 mo of age, suggesting a 
distinct mechanism for erroneous activation of the so- 
matostatin gene (data not shown). In summary, our data 
indicate that ectopic expression of Sox9 in p cells is 



sufficient to erode the functional state of the cells, result- 
ing in diabetes mellitus in vivo. Importantly, the data also 
illustrate that Sox9 does not regulate the changes in cell 
metabolism observed under hypoxic conditions. 

Discussion 

The main conclusion of our studies is that mature (3 cells 
can undergo a sustained process of dedifferentiation that 
results in the loss of glucose control. Using two indepen- 
dent mouse models, we demonstrate that (3 cells under 
hypoxia have the ability to dedifferentiate into non-(3 
cells that causes perturbations in glucose homeostasis. 
Adult (3 -cell function has strict oxygen requirements, and 
mimicking molecular hypoxia leads to erroneous glucose 
sensing and perturbed insulin secretion (Zehetner et al. 
2008; Cantley et al. 2009; Puri et al. 2009). The (3 cell, like 
every cell in the body, has adaptive mechanisms to sense 
reduced molecular oxygen and respond acutely by acti- 
vating the hypoxia-sensing pathway. We demonstrate for 
the first time that in vivo, |3 cells experiencing chronic 
hypoxia undergo dedifferentiation that manifests physio- 
logically as diabetes mellitus, with fasted blood glucose 
between 200 and 400 mg/dL. Islets from diabetic animals 
are populated with cells with diminished insulin expres- 
sion. Critical transcription factors, including Pdx-1, 
Nkx6.1, and MafA, instruct p-cell formation and function 
from multipotent progenitors during embryogenesis into 
adulthood (Matsuoka et al. 2003; Puri and Hebrok 2010). 
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Reduced expression of Pdx-1, MafA, Nkx6.1, NeuroDl, 
and Glut-2 in the VhlhT^ islets collectively indicates loss 
of (B-cell identity and perturbed function. 

Surprisingly, reduced insulin expression correlated 
with increased Sox9 expression. During pancreas organo- 
genesis, Sox9 costains with Pdx-1 in the epithelium 
between E9 and El 2.5, and Sox9 -positive cells contribute 
to endocrine and exocrine lineages (Seymour et al. 2007; 
Kopp et al. 2011). However, during endocrine specifica- 
tion, Sox9 expression decreases concomitant with Ngn3 
activation (Shih et al. 2012). The absence of Ngn3 
expression in diabetic islets might be because the de- 
differentiation process does not mimic the state of a 
general endocrine progenitor. Alternatively, although 
transient expression or activation below detection cannot 
be ruled out, persistent levels of Sox9 may be inhibitory 
for Ngn3 expression in the diabetic islets. Staining for 
synaptophysin confirms that the Sox9-positive cells are 
endocrine and not ductal cells that have infiltrated the 
islets. Finally, islets from diabetic animals have activated 
Notch signaling and increased levels of Hes-1, which is 
known to repress Ngn3. 

Within the embryonic pancreas, Sox9 costains with 
Hes-1, an effector of the Notch signaling pathway (Seymour 
et al. 2007). Notch signaling maintains progenitor 
pools in the developing epithelium and inhibits endocrine 
development (Hald et al. 2003; Murtaugh et al. 2003). 
During development, Notch signaling in the pancreas 
may be regulated in part by HIF (Chen et al. 2010). In 
addition, human islet dedifferentiation in culture corre- 
lates with activated Notch signaling (Bar et al. 2008). 
Altogether, existing data and our observations support 
the nonpermissive role of Notch for maintenance of 
(B-cell identity. Similarly, strict regulation of Hh signaling 
appears necessary for accurate (B-cell function. Ptc and 
Smoothened (Smo) are expressed in adult rat and mouse (B 
cells and contribute to (B-cell function (Thomas et al. 
2000; Lau and Hebrok 2010). Interestingly, a mouse 
model that activates the Hh pathway in the (B cell leads 
to dedifferentiation concomitant with a glucose intoler- 
ance phenotype, indicating that dysregulation of Hh 
signaling modifies (B-cell fate and function (Landsman 
et al. 2011). Although Hh activation may occur in direct 
response to hypoxia (Onishi et al. 2011), cross-talk 
between signaling pathways, including Notch and Wnt, 
may also lead to pathway activation (Carlson et al. 2008). 
The role of Wnt signaling in the adult (B cell is evidenced 
from expression of stabilized (B-catenin in (B cells that 
causes loss of insulin expression and cellular dedifferen- 
tiation in aged mice (Heiser et al. 2006). Thus, the chronic 
state of disease development in the VMh~ /_ mice may 
result from a combined dysregulation of the Notch, Hh, 
and Wnt pathways within the (B cell. 

Sox9 marks hypoxic cells for two reasons: First, nuclear 
Sox9 protein is absent from normal, adult pancreatic (B 
cells, and second, Sox9 is directly activated by HIF (Zhang 
et al. 2011). Ductal or exocrine markers do not stain the 
diabetic islets (data not shown), thus ruling out a non- 
endocrine fate for the Sox9-positive cells. A subset of 
Sox9-positive cells, however, does express somatostatin. 



These cells are depleted of insulin and do not express 
glucagon. Promiscuous expression of the Ins-Cm line in 
somatostatin-producing cells is unlikely, as extensive 
lineage tracing did not indicate expression in 8 cells 
(Herrera 2000; Thorel et al. 2010). During embryonic 
development, (B and 8 cells are predicted to have common 
progenitors,- thus, one possible explanation could be that 
the insulin-negative cells in the diabetic islets have 
dedifferentiated just enough to activate the 8 program 
in a subset of cells. Further differentiation toward other 
endocrine cell types or even outside the endocrine realm, 
as observed in the context of oncogenic transformation 
(Gidekel Friedlander et al. 2009), would require additional 
changes not promoted upon hypoxia. 

Aberrant expression of Sox9 in Vhlh- deficient (B cells 
suggested the possibility of a functional link between 
Sox9 up-regulation and (B-cell dysfunction. Activation 
of Hnf6 in the (B cell leads to decreased expression of 
Glut-2 and MafA and diabetes mellitus (Tweedie et al. 
2006). Our data revealed aberrant glucose homeostasis 
in Ins-Cre;Sox9 mice. Ectopic expression of Sox9 led to 
(B-cell dedifferentiation, further indicating that Sox9 
alone can lead to perturbation of (B-cell identity. Sox9- 
somatostatin-colabeled cells were not observed in the 
Ins-Cie;Sox9 mice, suggesting that a Sox9-independent 
mechanism perturbs that path of fate modulation in the 
Vhlh~l~ (B cells. Furthermore, the observation that glyco- 
lytic enzymes are not derepressed in Ins-Cre;Sox9 mice 
further indicates that at least aspects of (B-cell dedifferen- 
tiation can occur in the absence of a fully blown hypoxic 
response. 

Other groups have evaluated the role of Vhlh in the (B 
cell (Zehetner et al. 2008; Cantley et al. 2009; Cheng et al. 
2010; Choi et al. 2011). However, seemingly contradic- 
tory results have been published. Zehetner et al. (2008) 
reported a hypoglycemic phenotype in animals with 
Vhlh~ h (B cells, while Cantley et al. (2009) observed 
hyperglycemia in 12-wk-old animals under fed condi- 
tions. In animal models of disease, the genetic back- 
ground, the specific Cre, and the intricacies of gene 
expression in transgenics can produce conflicting data. 
Although no clear explanation emerges about the dis- 
crepancies, the development of diabetes mellitus in 
the Vhlh' 1 ' animal in our hands is a robust, consistent 
phenotype. Interestingly, deletion of HIF also results in a 
(B-cell phenotype (Cheng et al. 2010) with perturbed 
glucose homeostasis, indicating once again that either 
activation or attenuation of multiple regulatory pathways 
function can have similarly deleterious effects on the 
target tissue. Choi et al. (2011) reported hyperglycemia 
during random blood glucose measurements in the (B-cell- 
specific knockout of Vhlh but did not attribute this to 
a loss of (B-cell identity. 

Measurements in vivo have determined rodent islet 
oxygen partial pressure to be 31-37 mmHg (equivalent to 
4%-5%) (Carlsson et al. 1998). At 2% oxygen, which 
mimics physiological hypoxia for the islet, (B-cell-specific 
genes are down-regulated in (B-cell lines and isolated 
mouse islets. A down-regulation in insulin expression 
has been previously reported when (B-cell lines are in- 
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cubated under 1 % oxygen (Vasir et al. 1998). Significantly, 
our data show that human islets respond to hypoxia by 
up -regulating canonical HIF targets, with simultaneous 
down-regulation of PDX-1, MAFA, and NKX6-1. These 
data encourage us to explore the effects of hypoxia in 
islets during transplantation, where oxygenation impacts 
islet function (Carlsson et al. 1998, 2000; Sakata et al. 
2010). Interestingly, both low oxygenation and loss of 
P-cell differentiation have been reported in islet grafts in 
animals (Laybutt et al. 2007). HIF stabilization in trans- 
planted islets (Miao et al. 2006), presumably due to 
delayed vascularization of the transplanted cells, could 
induce changes in the p-cell transcriptome that nega- 
tively impact successful transplantation and graft func- 
tion. Identifying small molecules that block such de- 
differentiation would be a useful step toward therapy. 

T2D constitutes a heterogeneous collection of hyper- 
glycemic phenotypes that manifest due to some combi- 
nation of insulin resistance and a failing (3 -cell cohort. 
Rodent models, such as the ZDF rat, have revealed that 
P-cell hyperplasia occurs due to increased metabolic 
demand, perhaps mimicking the human condition 
(Paulsen et al. 2010). An adaptive expansion of (B-cell mass 
may generate regions of hypoxia, as islets from ZDF rats 
display elevated levels of HIF target genes such as Ldha 
(Li et al. 2006). Islets isolated from T2D patients have 
dysregulation of HIF components as well as the pro- 
genitor markers SOX9 and HNF6, among others (Gunton 
et al. 2005; Weir et al. 2009), indicating that in a subset of 
patients, hypoxia may impact the p-cell transcriptome. 

In summary, sustained activation of the hypoxia path- 
way triggers dedifferentiation of the (3 cell in part by 
activating transcriptional regulators such as Sox9 and 
Hnf6, which results in a progressive defect in glucose 
regulation resembling T2D. Loss of (B-cell identity ap- 
pears in a model of FoxOl depletion when (B cells are 
stressed due to pregnancy or aging (Puri and Hebrok 2012; 
Talchai et al. 2012). Compromised expression of (B-cell 
genes has been associated with (B-cell dysfunction in 
several animal models (Laybutt et al. 2003; Kjorholt 
et al. 2005; Tweedie et al. 2006). Loss of (B-cell differenti- 
ation has been proposed as an end result of (B-cell de- 
compensation in T2D (Weir and Bonner-Weir 2004; Weir 
et al. 2009). Although T2D is a diverse set of diseases, 
(B-cell dedifferentiation due to either genetic or environ- 
mental insults (for instance, hypoxia) in a subset of 
patients may be a potential mechanism (Guo et al. 2013). 

Materials and methods 

Ethics statement 

Mice were maintained in the barrier facility according to pro- 
tocols approved by the Committee on Animal Research at the 
University of California at San Francisco. 

Transgenic mice 

Ins-Cre mice were obtained from Dr. Pedro Herr era's laboratory 
(Herrera 2000). The Pdx-l-Cre ER , Vhlhr^ (Vhlti oxP/loxP ), and 
Sox9 mice have been described previously (Haase et al. 2001; 
Gu et al. 2002; Kim et al. 2011). 



Tissue histology, immunofluorescence analysis, 
and islet morphometry 

Pancreata isolated from adult mice were fixed in Z-Fix (Anatech) 
for 12-16 h at 4°C and processed for paraffin embedding. 
Hematoxylin/eosin staining, immunohistochemistry, and im- 
munofluorescence analyses were performed as described pre- 
viously (Kawahira et al. 2005). The following primary antibodies 
were used: guinea pig anti-insulin (1:300; Millipore), mouse anti- 
insulin (1:300; Sigma), guinea pig anti-insulin (1:200; Dako 
North America, Inc.), rabbit anti-glucagon (1:300), guinea pig 
anti-glucagon (1:300; Millipore), mouse anti-glucagon (1:500; 
Sigma), rabbit anti-Glut2 (1:500), rabbit anti-Sox9 (1:200; 
Chemicon), rat anti-somatostatin (1:200; Millipore), mouse anti- 
Nkx6.1 (1:200; Developmental Studies Hybridoma Bank), rabbit 
anti-MafA (1:200; Bethyl Laboratories, Inc.), guinea pig anti-Pdxl 
(1:200; gift from Mike German, University of California at San 
Francisco), mouse anti-Pdxl (1:200; Developmental Studies Hy- 
bridoma Bank), rabbit anti-Pdx-1 (1:200; Chemicon), goat anti- 
Pdx-1 (1:200; R&D Systems), rabbit anti-cleaved caspase-3 (1:200; 
Cell Signaling), rat anti-HA (1:200; Roche Applied Science), mouse 
anti-synaptophysin (1:200; Biogenex), goat anti-NeuroD (1:200; 
Santa Cruz Biotechnology), and mouse anti-(B-catenin (1:200; BD 
Biosciences). Primary antibodies were detected with Alexa-488-, 
Alexa-546-, or Alexa-555- and Alexa-633 -conjugated secondary 
antibodies (Jackson ImmunoResearch Laboratories). For immu- 
nohistochemistry, biotinylated anti-rabbit, anti-mouse, anti-guinea 
pig (Vector Laboratories), and anti-rat (Jackson ImmunoResearch 
Laboratories, Inc.) antibodies were used as secondary antibodies 
at a 1:200 dilution. For islet mass quantification, sections 100 |xm 
apart were stained with anti-insulin antibody, and the total islet 
area was quantified as a percent of total pancreatic area. Paraffin- 
embedded pancreata from human donors (nondiabetic and T2D) 
were obtained from the Juvenile Diabetes Research Foundation 
(JDRF) Network for Pancreatic Organ Donors with Diabetes 
(nPOD). 

Bright-field images were acquired using a Zeiss Axio Imager 
Dl microscope. Zeiss Axioscope2 wide-field and Zeiss ApoTome 
microscopes were used to visualize and photograph fluorescence. 
Confocal microscopy was carried out using the Leica SL confocal 
microscope. Unless otherwise noted, all photomicrographs 
shown are representative of at least three independent samples 
of the indicated genotype. 

Quantitative PCR and gene expression array 

RNA isolation, cDNA preparation, and quantitative PCR were 
performed as described previously (Cano et al. 2006). RNA 
expression of target genes was normalized to cyclophilin expres- 
sion for mouse samples and to TATA-box-binding protein for 
human samples. One control was set to 1, and all other controls 
and test samples were normalized to that. The Ct values for the 
control samples were between 15 (for insulin in islets) and 33 (for 
genes expressed at lower levels, such as Hnf6). Primer sequences 
are available on request. For microarray analysis, three biological 
replicates were collected for control and transgenic islets, and RNA 
was extracted using the MinElute columns (Qiagen) and hybridized 
to Affymetrix chips (GeneChip Mouse Gene 1.0 ST array). 

Intraperitoneal glucose tolerance test, insulin tolerance test, 
and hormone measurement in vivo 

All physiological analyses were carried out on male mice. After 
a 16- to 18-h fast, adult mice were weighed, and blood glucose 
level was measured using the Contour glucometer. Mice were 
injected intraperitoneally with 1 M glucose solution at 10 julL per 
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gram of body weight. Blood glucose was measured every 30 min 
for 2 h after injection. For the insulin tolerance test, mice were 
fasted for 16-18 h, and body weight and blood glucose were 
measured. Insulin was injected intraperitoneally with a dose of 
1 U per kilogram of body weight. Blood glucose was measured 
every 30 min for 2 h after injection. For in vivo hormone 
measurement, blood was collected either before and after a glu- 
cose challenge or from mice in the resting fed state from the tail 
vein and spun down to collect serum, which was stored at -80°C 
with protease inhibitors (Roche). Insulin concentration was 
calculated using the Insulin EIA kit (ALPCO) per the manufac- 
turer's instructions. 

Cell line and islet culture 

MIN6 cells were cultured in DMEM supplemented with peni- 
cillin and streptomycin, 71.5 |jlM 2-mercaptoethanol, and 15% 
fetal bovine serum. Ins-1 cells were cultured as described pre- 
viously (Hohmeier et al. 2000). The Islet Production Facility 
Core at the Diabetes Center at University of California at San 
Francisco isolated islets from adult mice. Human islets were 
purchased from Prodo Laboratories and cultured in proprietary 
medium according to the company's instructions. Cells and 
islets were incubated at either 20% or 2% oxygen for the 
specified times before collection and processed for gene expres- 
sion analysis as described above. 

Western blotting 

Ins-1 cells were homogenized in RIPA buffer, electrophoresed on 
SDS-PAGE gels, and transferred to PVDF. Blocking was carried 
out using 5% milk in TBST for 1 h at room temperature. 
Subsequently, blots were incubated with primary antibodies 
overnight at 4°C and detected using HRP-conjugated secondary 
antibodies (1:5000 dilution; Santa Cruz Biotechnology, Inc.) and 
ECL (Amersham Biosciences). Primary antibodies used for West- 
ern blotting were rabbit anti-Sox9 (1:1000; Chemicon), rabbit 
anti-Pdx-1 (1:1000; Chemicon), and mouse anti-^- tubulin (1:2000; 
Sigma). 

Statistical analyses 

Data are presented as mean ± SD and were subjected to two- 
tailed t-test. P-value < 0.05 was considered to be significant. 
Array qualities were analyzed using the affyPLM package in R/ 
Bioconductor and RMA Express software (http://rmaexpress. 
bmbolstad.com). The data were normalized by robust multichip 
averaging method. Control and low-performing probe sets (those 
with intensity values below a threshold across all samples,- the 
threshold was taken to be the global lowest 25th percentile of 
intensity values) were excluded from analysis. Out of 35,556 
probe sets, 23,9 1 1 remained after filtering. Moderated t-statistics 
(as implemented in the limma package in R/Bioconductor) were 
used to test for differentially expressed probe sets. The false 
discovery rate (FDR) was controlled by estimating the Q-values 
of the P- values. A change in gene expression was identified as 
significant if the Q-value was <0.05. GOstat was used to search 
for significant GO terms for the significant genes. Significant GO 
terms were identified as those having an FDR-adjusted P-value 
(Benjamini) <0.05. 
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